In order to contribute to the solution of controlling the auto-ignition in a Homogeneous Charge Compression Ignition (HCCI) engine, parameters linked to External Gas Recirculation (EGR) seem to be of particular interest. Experiments performed with EGR present some difficulties in interpreting results using only the diluting and thermal aspect of EGR. Lately, the chemical aspect of EGR is taken more into consideration, because this aspect causes a complex interaction with the dilution and thermal aspects of EGR. This paper studies the influence of EGR on the auto-ignition process and particularly the chemical aspect of EGR.
reaction path, which makes this effect particularly interesting for the investigation of the autoignition process.
This paper aims at investigating the effect of the chemical aspect of EGR on the auto-ignition process in an HCCI engine. The fuels n-heptane and PRF40 are used for this investigation.
PRF40 stands for a Primary Reference Fuel, containing 40 vol% iso-octane and 60 vol% nheptane. The compression ratio is kept at 10.2, whilst the equivalence ratios are varied between 0.32 and 0.41. The inlet temperature is kept at 70 °C. The experimental results are backed-up with the same validated surrogate mechanism that has been used in previous work [17] . The 0 D HCCI engine module in the Chemkin code is used for the calculations with this mechanism. The same engine properties and initial parameters are used as in the experiments, which are discussed in section 2. For the chemical species CO, NO and CH 2 O are chosen. The species CO is issued from incomplete combustion, NO from high temperatures during combustion, while formaldehyde is formed between the cool flame and the final ignition. The objective is to study the effect of some different chemical groups, which can be present in EGR, on the auto-ignition process.
Experimental set-up of the EGR installation
A schematic representation of the experimental set-up is shown in figure 1 . The complete experimental set-up comprises an HCCI engine itself, the air inlet system, the fuel injection system, a pre-mixture tank for inlet mixture homogeneity and the EGR installation. The HCCI engine has a compression ratio of 10.2, a bore of 82.55 mm, a stroke of 114.5 mm and a displacement volume of 612 cm 3 . The ratio of the connecting rod to crank radius is 4.44. The exhaust valve opens at 140 °After Top Dead Center (ATDC) and closes at 15 °ATDC. The intake valve opens at 10 °ATDC and closes at 146°BTDC. Three tanks are available in the installation: a stabilisation tank, an EGR mixture tank and a pre-mixture tank. The stabilisation tank serves for the stabilisation of the impulses of the flow of the intake air, caused by the motion of the engine's piston. In the EGR mixture tank, the different constituents of the EGR, of which the flow is regulated by a flow meter, are mixed to compose the EGR mixture. The idea is to simulate experimentally the three most important effects of EGR (diluting effect, thermal effect and chemical effect). Either nitrogen or carbon dioxide (the major diluting species in EGR) is chosen for the diluting compounds. The thermal effect can be simulated by heating/cooling the EGR flow or by choosing different diluting compounds with different heat capacities. For the chemical effect, the species CO, NO or formaldehyde can be chosen, which are one of the most important minor species present in EGR that contribute to toxic pollution. An investigation of the diluting effect is performed in order to choose the optimal amount of dilution for the interpretation of the effect of the chemical species on the auto-ignition. The influence of the EGR temperature is similar to that of the inlet temperature, which has been studied in former work [18] and is well known in the literature, except that different volumetric EGR flows can strengthen or weaken the influence. Therefore the EGR temperature is kept constant and equal to the inlet temperature.
The EGR ratio is defined as the EGR mass flow divided by the total intake mass flow, that is: m EGR /(m EGR +m air ). The EGR ratio can be varied from 0 to about 50 %. The sensors that are connected to the installation are the temperature sensors for the cooling water (which is set to be 50 °C), for the intake air, for the EGR and for the exhaust gasses. The temperature of the intake air, the EGR and the lubricating oil (set at 40 °C) are regulated by a PID regulator. The pre-mixture tank serves to mix the fuel with the entering air and EGR flow. Before the fuel/air/EGR mixture enters the engine, it is passed through a tube of which the geometry (several 90 0 bends) enhances the homogeneity of the mixture.
The measurements of the equivalence ratio, measured by the flow rates of the fuel and the air, present an error of +/-0.005, while the compression ratio shows an error of +/-0.5. The temperatures of the cooling water and the oil as well as that at the inlet of the engine show an error of +/-1 °C. The composition of the fuel has an error of +/-1 vol%, while that of the EGR flow exhibits an error of +/-2 %. The EGR consists of three parts: the thermal effect shows an error on the EGR temperature of +/-1 °C, the dilution effect shows the same error as the EGR flow (+/-2 %) and finally the flow of the chemical species (CO, NO and CH 2 O)
show an error of +/-5%. The error of the output values are expressed in the standard deviation, using the following formula:
In this formula, N is the number of experiments (at the same conditions) that are performed, y i one of the values of the results, ŷ the mean value and σ the standard deviation. The cylinder pressure measured in this work by the pressure sensor is a mean pressure taken out of 50 cycles. The pressure measurement exhibits a standard deviation of the maximum pressure of around 0.12 % for a motored pressure, but this error can go up to about 1.5-2 % at combustion and 3 % for unstable combustion.
The heat release, dQ release /dθ is obtained from a combination of the First Law of Thermodynamics and an energy balance over the cylinder, resulting into:
Here, θ is the crank angle degree, while dQ wall /dθ is the heat loss to the wall. The volume, V, is determined from the engine geometry and γ is the isentropic constant (C p /C v ). The heat loss is calculated at each point in time according to:
In this equation, h represents the overall heat transfer coefficient through the wall and A the heat transfer surface of the cylinder. The temperature T is estimated by using the gas temperature, calculated from the ideal gas law. The wall temperature T wall is estimated by measuring the heat loss to the cooling water. A for HCCI application adjusted heat transfer coefficient is used, proposed by [19] , calibrating the scaling factor, α scaling :
V(θ) is the engine volume as function of the crank angle degrees, D is the engine's bore, P the pressure, T the temperature and w the average cylinder gas velocity. The term after the scaling factor in equation 4 represents the instantaneous chamber height. S p represents the mean piston speed, ω c the angular crank shaft velocity in rad/s, V d the displacement volume, P the pressure at combustion, P motored the motored pressure while T i , V i and P i represent respectively the temperature, volume and pressure at inlet valve closing. In equation 5, the constants C have taken the next values: C 11 =2.28, C 12 =0.308 and C 2 =0.324 cm/Ks. Furthermore, for the use of the reduced kinetic model as explanation of the experimental findings, an estimation of the residual gas fraction and temperature has been performed in order to estimate more realistically the temperature at inlet valve closing. More detail about the heat transfer, the estimation of the wall temperature and the estimation of the residual gas fraction and temperature, according to the experimental configuration of this paper, can be found in previous work [18] . The heat release maximums showed a confidence interval of +/-10 % and the ignition delays of +/-0.5 CAD.
The air contains a certain amount of water vapour. The addition of H 2 O to the fuel/air mixture would reduce the cylinder temperature after combustion initiation, having a stronger effect than N 2 but weaker than CO 2 , since H 2 O has a heat capacity between that of N 2 and CO 2 .
Ladommatos et al. [11] investigated the effects of water vapour on the ignition delay of diesel fuel in a diesel engine. They found that an addition of water vapour resulted into a slight increase of the ignition delay. According to them, the water vapour seems, next to diluting the fuel/air mixture, to form dissociation products at high compression temperatures, which enhances the ignition process with respect to carbon dioxide. Nonetheless, the overall effect of water vapour seems [11] to increase and not decrease the ignition delay. To exclude as much as possible the effect of water vapour on the auto-ignition process, a hygroscopic absorber is placed in the air circuit right after a dust filter.
The global effects of CO, NO and CH 2 O on the auto-ignition
The HCCI chemistry of PRF fuels is well known in the literature and can be consulted in [20] [21] [22] [23] [24] [25] . The effect of CO on the auto-ignition process is not quite clear in the literature and sometimes even contradictory. The effect of the addition of CO to n-butane and iso-butane entering a port-fuel injected spark-ignition engine has been investigated by Sung et al. [14] .
The addition of CO did not have any effects, with the exception that over the pressure ranges of 1 to 5 atm the addition of CO resulted into a relatively small increase of the laminar flame speed, while at elevated pressures (> 5 atm) and fuel-lean conditions the opposite was observed. At pressures higher than 5 atm and at fuel-lean conditions (which are for the major part the conditions of an HCCI engine), CO decreased the laminar flame speed. A contradicting observation was made by Subramanian et al. [7] . In their work they compared three different kinetic mechanisms in order to find out the influence of CO addition on the auto-ignition delay of mixtures dedicated to HCCI engines. The fuel that was considered is nheptane and the calculations were performed at constant pressure. Two out of the three mechanisms did not show any influence of CO addition, while one of them showed an advancing ignition delay at a temperature of 600 K, an equivalence ratio of 0.7 and a pressure of 20 bar. At the same conditions, but for an equivalence ratio of 1.0, the two mechanisms that did not show an effect, now, presented a delay in the ignition when adding CO to the inlet mixture. Increasing the temperature to 1000 K showed an advancing ignition delay on adding CO, for all the three mechanisms. This shows that the effect of CO is not quite clear and more research is needed. Since this species is available in the exhaust, using EGR necessitates the understanding of the effect of CO.
Much research is performed in the field of the interaction of NO with hydrocarbons.
Examples in the field of interaction of nitrogen oxides with hydrocarbons are kinetics of nitrogen chemistry in combustion [26, 27] , kinetics of nitrous oxide decomposition [28] , hydrogen cyanide oxidation in a flow reactor [29] and a study of HNCO oxidation chemistry [30] . Other works concerning the modelling of thermal deNO x [31] and reburning [32] are performed as well. The effect of the addition of NO 2 to propane-oxygen-nitrogen mixtures has been studied by Pinard et al. [15] in a 4.70 m steel detonation tube with a 0.145 m internal diameter. Pinard et al. measured the deflagration-to-detonation distance in this tube and found that the addition of NO 2 caused no change in this distance, indicating that the kinetic changes brought about by the NO 2 are not significant to the initiation of detonation. Faravelli et al. [3] show that the addition of NO to hydrocarbons at low temperatures enhances ignition. This enhancement, however, becomes an inhibition at higher amounts of NO addition. Faravelli et al. [3] found also that at high temperatures the addition of NO loses its enhancing capabilities (above ~1000 K it becomes less effective and above ~1400 K it disappears) because the alkyl radicals decompose and become of less importance.
The aldehyde that play the most important role during the cool flame seems to be formaldehyde, though not much work is done on the influence of aldehydes on the HCCI auto-ignition process [4, [33] [34] [35] [36] . Furutani et al. [4] show that the addition of formaldehyde to a HCCI natural-gas engine enhanced the ignition by promoting the preflame reaction of the main natural gas fuel. Yamaya et al.
[33] examined the effect of formaldehyde addition using a single cylinder diesel engine and different fuel/air mixtures (the fuel being methane, ethane, propane and/or n-butane). Depending on the fuel type in the mixture and temperature to which mixtures are compressed, the effect of formaldehyde is found to be either suppressing or promoting for the ignition. The effect is suppressing for fuels that naturally show an early cool flame ignition tendency (a two stage combustion) and promoting for fuels that naturally show no cool flame tendencies (a one stage combustion). Salooja 
The thermal and diluting effects on the auto-ignition process
In order to analyse the effects of the species CO, NO and CH 2 O on the auto-ignition process with sufficient precision and control, the extent of dilution should be chosen. The principal diluents in EGR are N 2 and CO 2 . It appeared that a dilution factor of 23 vol% was needed.
The dilution factor is based on keeping the mass entering the cylinder constant and is calculated with respect to nitrogen, since the flow meters are calibrated with respect to nitrogen. The fuel/air mass rate is kept constant for a certain equivalence ratio. The dilution factor for a certain species x (present in EGR) is defined as follows:
In this equation ρ x is the density of species x, ρ N2 is the density of nitrogen, If only one species is present in EGR, such as nitrogen, the dilution factor reduces itself to:
In the case CO 2 is used as the diluent in EGR, the dilution factor becomes:
If one wants to compare the effect of the type of diluent, the dilution factor should be the A higher dilution factor, by increasing the EGR flow at constant fuel/air flow, would allow higher addition concentrations for the chemical species. However, a higher dilution would also cause a lower heat release, lower indicated efficiencies and eventually incomplete combustion, which should be avoided. The type of diluent can also influence the heat release, by changing the heat capacity of the gas mixture in the cylinder. This thermal effect that is caused by the heat capacity of the diluent should not influence the study of the chemical effects on the auto-ignition process. In order to find out the limits of dilution and thermal effects, the effect of dilution by N 2 and CO 2 (having a higher heat capacity) on the ignition delays is presented in figure 2 . Figure 2 shows that the cool flames and the final ignitions are delayed when diluting by nitrogen. Addition of nitrogen to the inlet mixture, basically diluting the mixture, lowers the overall concentration of the reacting species, resulting into a higher ignition delay. Dilution mostly entails also a difference in heat capacity. However, nitrogen having only a slightly lower (29.1 J/(mole K), at 25 °C) heat capacity than air (29.2 J/(mole K), at 25 °C) and largely present in air, hardly changes the heat capacity of the gas entering the cylinder. So the changing heat capacity plays a minor role in this case. It seems, however, that the effect of carbon dioxide is stronger. Since the mass for both the diluents is the same at the same dilution factor, the reduction in O 2 mass concentration is the same. Therefore, the difference can be explained by the higher heat capacity of CO 2 (37 J/(mole K), at 25 °C) than nitrogen. It increases thus more the heat capacity of the entire charge when it is mixed with the air/fuel mixture. So CO 2 slows down the cylinder temperature uprising during the compression process more than nitrogen does. The ignition timing is therefore more delayed.
Using CO 2 as the diluent can lower too much the overall kinetics rendering the investigation on the effects of the chemical species on the auto-ignition process limited. Therefore and in order to avoid as much as possible the thermal effects caused by the diluents, N 2 is chosen as the diluting agent in EGR. Figure 3 shows the effect of N 2 on the heat release distribution (represented by the ratio of the heat release at the final ignition to the heat release at the cool flame, A f / A c ). It seems, from figure 3, that the dilution factor has a rather insignificant influence on the distribution of the heat release. This suggests that the study on the effect of the chemical species on the heat release distribution would be valid for dilution factors from 0 to 46 vol% at the conditions of this investigation. However, figure 4 shows that the effect of the dilution factor influences considerably the total heat releases as would be expected. In order to study the effect of the chemical species on the auto-ignition process, the dilution factor should not be increased much more and a value of 23 vol% is chosen.
The effect of CO on the auto-ignition process
The experiments that were performed in this work for CO showed that at the added concentrations (up to a possible maximum of 170 ppm), CO did not show any significant influence on the cool flame delays, the final ignition delays, the pressure nor the heat release.
CO is formed in, among others, the following reactions and Subramanian et al. [7] , CO does not have any effect. The reason could well be that the addition concentration is not high enough in order to observe any difference. Sung et al. [14] observed a decreased laminar speed (overall reactivity) at pressures higher than 5 atm (higher concentrations). In an engine, a higher overall reactivity would be expressed by a decreasing ignition delay. Using the surrogate mechanism, higher concentrations of CO addition are implemented and the effect on the auto-ignition delays is simulated. The results, at an inlet temperature of 70 o C, an equivalence ratio of 0.3 and compression ratio of 10.2, are presented in figure 5 for the fuel n-heptane. Figure 5 shows that at an addition of 1000 ppm of CO the onset of the pressure increase at the final ignition changes. No significant change is noted for an addition of CO of 100 ppm. This latter is in the range that is investigated in the experiments (up to 170 ppm) and at that range the experimental and numerical findings are similar. The change is clear at an addition of 10,000 ppm. These calculations show clearly that the addition of CO delays the ignition and thus decreases the overall reactivity as is one of the observations found in the literature [7, 15] . It is worth mentioning, though, that a concentration of 10,000 ppm of CO in the inlet of an engine is less likely to occur.
However, the reaction where CO consumes OH radicals, forming thereby CO 2 , is a highly exothermic reaction, providing much of the heat release during the final ignition. So, when more CO is added to the fuel/air mixture, the heat release at the final ignition increases. This increase should be expressed by an increase in the peak pressure. The contribution of the added CO to the heat release depends on the quantity. Figure 5 shows that the peak pressure does not increase until 10,000 ppm of CO is added. Knowing that for an equivalence ratio of 0.3, the amount of fuel that is added neighbours 2 mass% of the total fuel/air mixture and that 170 ppm of CO equals about 0.02 mass% of the fuel/air mixture, it can therefore be said that for an addition of 170 ppm of CO, the chemical energy that is added by CO is insignificant.
However, 10,000 ppm of CO equals about 1 mass%. This represents the same order of magnitude as for the fuel. In this case the chemical energy would count, as figure 5 indeed
shows. However, for HCCI engine operating conditions, CO addition values of more than 10 3 ppm would be less likely to occur. According to the surrogate mechanism and the operating conditions of this investigation, the chemical energy would then not influence significantly the auto-ignition process.
The effect of NO on the auto-ignition process
The NO experiments were performed with an EGR ratio of 23 vol% as is explained in section 4.1. Figure 6 shows the influence of the addition of NO on the auto-ignition delays for a PRF40. Figure 6 shows that the cool flame and final ignition delays seem to be advanced at first instance by addition of NO, with a maximum effect at an addition of 45 ppm. The cool flame is less affected. However, beyond an addition of 45 ppm, the promoting role of NO seems to be overtaken by an inhibiting role, since the ignition delays increase. This suggests that there is a competition between a promoting and inhibiting role of NO. Faravelli et al. [3] explain the effect of the addition of NO to hydrocarbons on the ignition delay. NO has the ability to activate peroxy radicals in:
Here, R can be either H or an alkyl group. is such that the ratio of the reaction rates of "NO + OH" and "fuel + OH" becomes slightly greater than one, the system's reactivity drops sharply and the NO addition becomes an inhibition. Furthermore it seems that due to the lesser importance of peroxy radicals at higher temperatures, because they decompose, the enhancing effect of NO becomes less important and even disappears at higher temperatures, ~1400 K [3, 42] .
The effect of NO is not necessarily the same on every fuel. For PRF40, the effect was visible in figure 6 and is confirmed clearly by the heat release curves in figure 7 . For n-heptane, though, the effect is less important, illustrated by figure 8. Figure 8 shows the effect of the addition of NO on the heat release curves at the same conditions as figure 6 . From figure 8 , it can be seen that at different NO additions, the onset of the pressure rise at the final ignition does not differ more than 1 CAD from one another. Considering a confidence interval of 0.5 CAD, these results can not clearly show that NO influences the auto-ignition of n-heptane at these conditions. It seems that the influence of NO on the auto-ignition of n-heptane is quite different than its influence on the auto-ignition of PRF40. Probably, n-heptane creates already that much OH radicals by itself that the production of OH by the addition of NO does not add an observable amount of OH. PRF40, however, creates less OH radicals, so that the addition of NO increases significantly the amount of OH radicals. This explanation is provided from the numerical results in figure 9 , obtained from an experimentally validated combined surrogate-NO mechanism (table 1), which has been validated experimentally for HCCI engine applications, concerning the interaction of NO with PRF fuels [18] . In figure 9 , the normalized OH concentrations are calculated at the cool flame for a compression ratio of 10.2, an inlet temperature of 70 °C and an equivalence ratio of 0.35. Figure 9 shows indeed that for n-heptane, addition of NO does not change significantly the OH concentration, while for the PRF40 the change is clearly visible. From figure 7 , it appears that when the final ignition delay increases, the heat release at the final ignition decreases. This means that very small amounts of NO not only influence significantly the ignition delays but can also alter considerably the heat release and therefore the power output of the engine.
The heat release ratio of the final ignition to the cool flame is presented in figure 10 , regarding the fuel "60 vol% n-heptane and 40 vol% iso-octane". The total heat release as a function of the addition of NO, with respect to no NO addition, is presented in figure 11 . Figure 10 shows that, for both equivalence ratios 0.32 and 0.41, the heat release ratio is at its maximum when the final ignition is at its minimum. The latter corresponds to the highest reactivity, which is observed for an NO addition of 45 ppm. The same trend is observed for the total heat release in figure 11 . Summarizing the results from figures 10 and 11, it can be seen that a higher reactivity favours the heat release towards the final ignition (since both the total heat release and its ratio become higher). In other words, when NO plays a promoting role, more heat and thus power are released at the final ignition at the expense of the cool flame. This favours the efficiency of an engine and makes NO interesting for the control of the auto-ignition process in an HCCI engine. This effect is stronger at a lower equivalence ratio. At higher equivalence ratios, there is more fuel which produces more OH radicals. The increase of OH radicals due to an addition of NO is then less significant. This suggests that the OH radicals, which are formed due to the addition of NO, influence in a greater extent the reactivity at the final ignition. In order to investigate the extent of the influence of NO on the reactivity at the final ignition, the combined surrogate-NO model, mentioned earlier in the text, is used for this purpose. Three initial concentrations of NO are used, 0, 50 and 300 ppm. These calculations are performed at an inlet temperature of 70 °C, an equivalence ratio of 0.6, a compression ratio of 14 and a dilution factor of 14 vol%. In order to generalize this analysis to real fuels, a surrogate of gasoline is used as fuel, comprising 11 vol% n-heptane, 59 vol% iso-octane and 30 vol% toluene. Since this surrogate gasoline is more resistant to auto-ignition (higher octane rating) than the fuel PRF40, the dilution factor had to be lowered from 23 vol% to 14 vol%. To assess the reactivity of the fuel, these examples are focused on the reaction of iso-octane and some of its intermediary products (like iso-butene and propene) with the OH radicals. The results of the numerical calculations are presented in table 2 in the form of the maximum reaction rates of each of these three reactions for each NO addition. The reference is taken to be 0 ppm NO addition. Table 2 shows that for all the three reactions, the reaction rates of respectively iso-octane, isobutene and propene with OH increase at an addition of 50 ppm NO by 28 to 65 %. At an addition of 300 ppm NO, the reaction rate of iso-octane with OH decreases by 40 %, while the reaction rates of respectively iso-butene and propene with OH decrease by a factor 10 2 . These results show clearly that the addition of NO has a considerable influence on the reactivity, which first increases on adding 50 ppm of NO and then decreases on adding 300 ppm of NO.
This confirms the promoting and inhibiting role of NO, depending on the quantity added. Figure 12 presents the influence of the addition of formaldehyde (CH 2 O) on the auto-ignition delays. Formaldehyde seems to affect the ignition delays quite clearly. Formaldehyde can react with a hydroxide radical forming CHO and water. CHO then reacts with oxygen forming CO. The overall reaction is then:
Effect of the aldehydes on the auto-ignition delays
So, formaldehyde shares OH with the fuel, so that less OH is left for the fuel, producing instead the less reactive radical HO 2 . This decreases the overall reactivity and delays the ignition. Figure 12 also shows that the effect of formaldehyde addition at higher equivalence ratios is stronger. Since, at higher equivalence ratios more OH radicals are formed, the effect of formaldehyde addition on the auto-ignition delays is stronger at higher equivalence ratios.
At the cool flame, less OH radicals are formed than at the final ignition and the temperatures are lower as well. Therefore, the effect of formaldehyde is weaker at the cool flame than it is at the final ignition. Figure 13 presents a simulation, made with the surrogate mechanism, which shows that adding formaldehyde to a fuel/air mixture results into a lower OH concentration at the cool flame. Even until the final ignition the OH concentration stays lower for a higher formaldehyde addition. The reduction of the amount of OH radicals that are left for the fuel has its consequences on the power output of the engine. This can be illustrated by the total heat release and by the heat release ratio over the final ignition and the cool flame, presented respectively in figures 14 and 15, with respect to no formaldehyde addition. Figure   14 shows that the addition of formaldehyde to the inlet mixture decreases the total heat release but not more than 6 % at an addition of 1400 ppmv of CH 2 O. It seems from figure 15 , that the heat release at the final ignition decreases with respect to the heat release at the cool flame on adding more formaldehyde. So, formaldehyde affects considerably more the final ignition than it affects the cool flame, which has been observed for the ignition delays as well. This holds for both the presented equivalence ratios.
Conclusions
The diluting effect of EGR, represented by N 2 and CO 2 , has been studied. The thermal effect has been treated by the difference of heat capacity of these two diluents. In order to avoid the thermal effect, CO 2 is not used as a diluent for the chemical species, but instead N 2 is used, having a heat capacity close to that of air. Moreover, the EGR temperature is set equal to the inlet temperature. In order to be able to vary the concentrations of the chemical species sufficiently, without diluting too much, the dilution factor is chosen to be 23 vol%. The effect of three chemical species on the auto-ignition process has been investigated, namely CO, NO and CH 2 O.
The studied effect of CO on the auto-ignition process in this paper shows both differences and agreements with the literature. The opposite views, regarding the effect of CO on the autoignition, suggest that, depending on the thermodynamical conditions, CO can either promote or inhibit the auto-ignition delay. The results of this paper showed that experimentally up to an addition of 170 ppm of CO, no effect was observed. The numerical results using the surrogate mechanism showed the same results. The surrogate mechanism showed that at CO additions of 1000 ppm and more, CO delayed the auto-ignition. At a CO addition of 10,000 ppm, the chemical energy supplied by CO begins to play an important role, increasing thereby the peak pressure.
The effect of NO on the auto-ignition process has shown two different aspects: NO can both promote and inhibit the ignition delays, depending on the added concentration. Only very small amounts of NO seem to influence significantly the auto-ignition process. Even the heat release distribution and the total heat release are influenced by only 45 ppm addition of NO, which makes this species particularly interesting. The results could imply that NO can increase the burn rate. At higher equivalence ratios or with fuels having a higher burn rate, the effect of NO is less pronounced. At these conditions, the surrogate mechanism explains that there are already enough OH radicals in the reacting mixture, so that the increase of OH radicals due to NO addition is relatively insignificant. The addition of NO is not efficient at high temperatures. However, for engine conditions, especially at lean, low-temperature HCCI conditions, this problem is not significant and the use of NO for auto-ignition control in HCCI engines is rather promising.
The effect of formaldehyde seems to delay the auto-ignition. The explanation is that the OH radicals are shared by formaldehyde with the fuel. This has a negative impact on the heat release at the final ignition as well as on the total heat release. The decreased reactivity decreases the auto-ignition delays.
It can be concluded that, generally, the effect of the chemical additives played a very important role in influencing the amount of OH radicals that are present in the system. This seemed to be determining whether the auto-ignition was delayed (less OH radicals give a decreased overall reactivity) or advanced (more OH radicals give an increased overall reactivity - 
